Abstract-The purpose of this paper is to investigate Wave Energy Converter (WEC) technologies that are required to transform power from the waves to the electrical grid. WEC system components are reviewed that reveal the performance, stability, and efficiency. These WEC system individual components consists of; control methods, electro-mechanical drivetrain, generator machines, power electronic converters, energy storage systems, and electrical grid integration. Initially, the transformation of energy from the wave to the electric grid is explored in detail for an individual WEC system. A control design methodology is then presented that addresses high penetration of Renewable Energy Sources (RES) and loads for networked AC/DC microgrid islanded subsystems. Both static and dynamic stability conditions are identified for the networked AC/DC microgrid system. Detailed numerical simulations were conducted for the electro-mechanical drivetrain system which includes; the dynamic responses, power generation for multiple wave conditions, and total efficiency of the energy/power conversion process. As a renewable energy scenario, the AC/DC microgrid islanded subsystem is employed to integrate an array of WECs. Preliminary Energy Storage System (ESS) power requirements are determined for the renewable energy scenario.
I. INTRODUCTION
The future electric power grid will require new methods and tools to support and capitalize on high penetration of RES such as; wind, solar, water, and tidal power. Energy in the waves has the highest energy density and the potential of providing up to 10 TW of power [1] , [2] . WECs can operate 90% of the time which is about three times greater than other RES [1] . Compared with other RES, wave energy is still in the early stages of research and development [1] . In a recent literature review by [1] the latest WEC technologies are provided for; WEC types, generator types, implementation methods, validation approaches, and controller types.
WECs are devices that extract energy from waves in a body of water such as the ocean [3] , [4] . The wave energy source is spatially, temporally, and energetically variable which translates to a predominant frequency of waves, wave heights, and widths of the wave frequency spectrum. Currently, WEC devices produce power over a narrow band of the full wave frequency spectrum. The structural WEC device is typically designed to resonate at a frequency that matches the dominant frequency of the waves in a specific region where the WEC is deployed to operate in and capture energy. Typically, when a wave impacts the WEC device at the resonance frequency, the device can absorb a significant amount of energy from the wave very efficiently. However, when the WEC is off resonance with the impacting waves the WEC operates much less efficient.
Many control methods have been studied and investigated [1] on WEC systems. These control methods include; phase control, latching control, proportional plus integral (PI) control, optimal and predictive control [5] . Approaches specific to and including the integration into the power grid are discussed in [6] , [7] , [8] , [9] . Achieving regulation and power balance in a system with high penetration levels of stochastic renewable sources are some of the challenges that need to be addressed by current research. This paper is divided into five sections. In Section II a WEC model is described. In Section III, the electromechancial drive and microgrid control systems are developed. In Section IV numerical simulations are performed that validate the proposed designs, and finally in Section V the results are summarized.
II. GENERAL WEC MODEL DESCRIPTION
A linear hydrodynamic model for the WEC is assumed and for a heaving buoy the Cummins' equation of motion [10] is defined as
978-1-5386-4941-1/18/$31.00 ©2018 IEEE 2018 International Symposium on Power Electronics, Electrical Drives, Automation and Motion wherem is the buoy mass,ã(∞) is the added mass at infinite frequency, z is the heave position of the buoy's center of mass with respect to the mean water level, k is the hydrostatic stiffness due to buoyancy, F e is the control force, F w (Ω) is the excitation force, and h r is the radiation force term.
A simple case can be defined for a regular wave, where the excitation force has only one frequency, ω 1 , and it can be shown that the radiation term can be quantified using an added mass and a radiation damping term, each being considered constant at frequency ω i only [11] . The equation of motion for this simple case is defined as (see reference [12] for more details)
whereã 1 and c 1 are constants for a given excitation frequency. The excitation force becomes
The WEC is modeled as a linear actuator [13] able to convert heave oscillations of a cylindrical buoy relative to a reaction mass that is submerged deep enough for its oscillations to be negligible in wave conditions of interest to power conversion. This feedback strategy focuses on decomposing the wave input into a sum of individual frequencies for which a PD feedback controller is designed for each channel (see [14] for details of the PDC3 controller). The proportional gain is designed for each channel to produce resonance and the Derivative channel designed to produce the maximum absorbed power. An energy storage device will need to be employed in combination with the PD controller to realize the specified reactive power between cycles. A multi-channel equalizer type amplifier can be realized to capture multiple frequencies that span the entire sea state. For this work to develop the electrical drive-train, the WEC is modeled as simple mass-spring-damper system with the equation of motion for a single driving frequency
A Proportional-Derivative (PD) controller for the actuator force (F e ) can be used to extract the most power from the wave input force (F w (Ω)) such that a reference force from the actuator is
To match the impedance of the system and extract the maximum power from the wave
To arrive at the PD version of a complex conjugate controller a series of block diagram manipulations result in the PDC3 controller [14] shown in Fig. 18 (see Appendix A).
III. ELECTRO-MECHANICAL DRIVETRAIN MODEL
The structure of the electrical drive-train of the Wave Energy Conversion (WEC) device is shown in Fig. 1 . The vertical linear movement of the buoy is converted to a rotational system through a rack and pinion gearing system. The rotational movement is translated to a Permanent Magnet (PM) three-phase electrical machine. The PM machine produces a three-phase (abc) power that is converted to a DC bus through an AC-to-DC inverter module. The inverter controls the abc voltage to and can regulate the torque produced by the machine and then the linear buoy force. The following is a further description of the model, controls and simulation results of a single frequency wave WEC device. 
A. Rack and Pinion
The rack and pinion gear system translates the linear to rotational motion. The use of the rack and pinion with a rotational machine has some advantages over a direct linear electric machine, namely the linear range of operation can be much larger than the linear machine, and potentially is more efficient. The linear velocity is translated to the rotational velocity through the gear radius such that
where v is the linear velocity, r is the gear radius and ω e is the rotational speed of the electrical machine. The sizing of the gear radius, or gear ratio r is found by matching the maximum rotational speed of the electric machine to the maximum linear speed of the buoy such that
Losses in the rack and pinion can be modeled through static and viscous friction. For the modeling in this work a simple constant viscous friction term is used that opposes the direction of motion.
B. Permanent Magnet Electrical Machine
The permanent magnet machine produces three-phase voltage and current. The three-phase variable can be expressed in vectors as
Important to the control algorithm development is the reduction of system complexity using a 0dq transformation. This approach is widely used in electric machine drive control systems. Understanding time varying systems become difficult and computational intense when simulating in their abc domain. Because of this, Reference Frame Transformation (RFT) is used to reduce this time varying equation to a dc like output with the voltage and current vectors
The idea behind RFT is to fix the perspective of the equation with a spinning reference frame. In conventional electric machine drive system this is either the actual rotor position, or in relation, to the spinning rotor flux. The abc time domain equations are transformed using a power invariant Parks transformation
where θ e is the electrical angle of the system with θ e − = (θ e − 2π 3 ) , θ e + = (θ e + 2π 3 ), and wherė θ e = ω e .
Then the 0dq voltages and currents are found from
and
The state equations for the permanent magnet electrical machine in the odq reference frame are
where R s is the stator resistance and λ m is the magnetic fluxlinkage of the rotor permanent magnet. The electrical angle of the machine ω e is related to the mechanical rotational angle such that
where n p is the number of electrical pole-pairs in the machine. In the design or choice of the electric machine the number of pole-pairs is determined by matching the desired maximum electrical frequency and the maximum mechanical frequency of the shaft such that
The electrical torque produced by the machine is given as
C. Three Phase Inverter
In this study the inverter is modeled as a average mode DC to 3-phase AC converter based upon the Power Electronics Building Block (PEBB) module designed and built at Michigan Technological University. An image of the prototype PEBB is shown in Fig. 17 (see Appendix A). This module is rated for 400 V dc and 2000 kW . The control of this device is through a PC104 industrial computer and Simulink RealTime (SRT) software. SRT enables a very fast development cycle and the ability to monitor signals and set parameters in real-time. The PEBB module hardware was tested for efficiency versus power and the results are shown in Fig. 2 . This hardware efficiency map will be used in the Simulink simulation model. The inverter is modeled as a simple power balance, where the DC current is found from the power balance of the system. The AC power into the inverter
is considered positive when energy is flowing from the PM machine to the inverter. The DC power is
The efficiency of the inverter module is
The value of the DC current will depend on the direction of the power flow and is found from
where η P EBB is found from the efficiency map in Fig. 2 . This inverter model has the AC voltage constraint
To maximize the torque of the machine and therefore improve the efficiency, the d-axis current (i d ) should be driven to zero. Then the q-axis current can be used to actuate the torque. A diagram of the inverter control is shown in Fig. 3 . If a torque of force sensor are not available in hardware the torque could be approximated by assuming the controls enforce i d → 0 and from the q-axes current measurement as
The reference force in Fig. 3 comes from the linear PD control in (5). The inverter feeds a voltage source to the k th DC/DC converter to the DC microgrid as shown in Fig. 1 . The DC voltage v dc is determined from
The inductor current then becomes
D. Reduced Order AC/DC Networked Microgrid Model
The fundamental single DC microgrid module k is shown in the bottom right corner of Fig. 1 .. This building block can be used to assemble a large number of DC microgrid systems (k = 1, . . . , N) that tie into an AC ring bus that forms a Reduced Order Model (ROM). For this development, two DC microgrids with three WEC inputs, was constructed to represent the RES scenario WEC array farm.
The system model (see [16] for further details) for the microgrid DC and AC converters is
The inverter model control is given as
where λ dc,k is the inverter control variable of the AC voltage magnitude, φ dc,k is the inverter control variable of the AC
2 , c = cos, and s = sin, respectively. The DC current into the inverter is
Susbtitute the control back into the system model yields
along with the AC bus model determined as
The ROM [16] , [18] is defined in matrix form as
where R =R +R is composed of a symmetric and skewsymmetric matrices, respectively. The states, controls, and input vectors are defined for the RES scenario as
E. HSSPFC Control Design for AC/DC Microgrid System
The goal of the Hamiltonian Surface Shaping and Power Flow Control (HSSPFC) design is to define static and dynamic stability criteria for an AC/DC microgrid system [16] . The controller design consists of both feedforward and feedback portions. For the feedforward algorithm two possible options can be considered; i) a dynamic optimization formulation can be developed in general to accomodate a large number of generation, loads, busses, and energy storage resources (see reference [19] , [20] ) or ii) a simple steadystate solution to (38) can be solved (DC example in [21] ). Specifically, there are three overall goals: reduce the change in the inverter duty cycles, reduce the reliance on the energy storage devices, and reduce the parasitic losses. The AC inverter circuit and bus equations can be expanded to include larger orders and combinations of each. Thus the goal is to minimize an appropriate objective function (or performance index PI). As a first step, the remainder of this development will focus on option ii) with fixed steady state set-points.
F. Feedback Control
The feedback control design can be summarized from [16] . The AC/DC microgrid system error state and control inputs are defined asx = x R − x = e andũ = u R − u = Δu. The feedback control is selected as a PI control
where K P and K I are positive definite controller gains. The energy surface or Hamiltonian for the system is determined as the sum of kinetic and potential energies or
dτ ∀x = 0 (41) which is a positive definite function and defines the AC/DC microgrid static stability condition. The integral controller gain, K I , provides additional control potential energy to further shape or design the energy surface to meet the static stability condition. The transient performance is determined from the power flow or Hamiltonian ratė
The dynamic stability condition [16] can be shown to be
Selection of the proportional controller gain, K P , determines the transient performance for the AC/DC microgrid system along the Hamiltonian energy surface.
IV. NUMERICAL SIMULATIONS

A. Simulink Model Description
A MATLAB/Simulink model of the system was built and simulated to demonstrate the operation of the electric drivetrain. The parameters for this simulation were chosen to be as representative of a physical system as possible designed around the use of the PEBB device described in section III-C. The nominal power for this system was chosen to be 1 kW .
The wave force, buoy mass, spring and damper values were chosen through iteration of the mass-spring-damper Simulink model with a wave period of 3 s such that the maximum heave distance was less than 1 m, the average output power of the linear motion was 1 kW and had a peak value less that 2 kW which is the maximum rated value of the PEBB. The wave force and buoy mass-spring-damper values found are shown in Table I seen in the buoy during simulation testing was 1.25 m/s. Therefore the pinion radius was chosen according to (9) to be 4.7 cm to limit the maximum rotational speed of the machine to 250 RP M . For the rack and pinion gear drive model a constant viscous friction term is applied and is dependent upon the direction of motion. For simulation employed a small 1 N viscous friction force value. The PM machine parameters are shown in Table II . The inductance and resistance values in Table II the hardware efficiency curve of Fig. 2 which is then used to calculate the DC current according to (25) . The rest of the inverter module applies the reference abc voltages.
B. Single Frequency Simulation
The following are the results of a simulation using a single wave period of T w = 3 s. Fig. 4 shows the linear vertical forces from the wave and the PM machine through the pinion gear drive. The linear position z and linear velocity v =ż of the bouy are shown in Fig. 5 . The reference and actual torque of the PM machine is shown in Fig. 6 which demonstrates that the inverter controls shown in Fig. 3 and the PM machine are tracking the optimal force and torque value. The rotational speed of the PM machine is in the oscillatory range ±210 RPM. The 0dq voltages and currents from the inverter and the PM machine are shown in Figs. 7 and 8, respectively. Similar three phase results were observed for the abc reference frame. Fig. 9 shows the DC current from the inverter to the DC bus. The powers at the components of the model from Fig. 1 for a wave period of T w = 3 s are shown in Fig. 10 . These simulation results show that the system can extract power from the wave and push it to the DC bus. The power from the wave is shown positive and can be seen in Fig. 10 to have a significantly larger amplitude and average than the other powers which are shown as negative (absorbing). This is because of the power lost in the damping effect of the wave on the mass of the buoy. Perhaps more important is the difference in power from the linear motion of the mechanical rack to the electrical DC bus. For the choice in wave force and the total average power to the DC bus is about 750 W . It is also seen in Fig. 10 that the linear actuator power is strictly negative, indicating no reactive power required at this wave period. However, it will be shown in other values of the wave period that reactive power is produced.
Figs. 11-13 shows the powers at various points in the system for wave periods of 6, 9 and 12 s. At these wave periods it is important to notice in the figures that the linear actuator power waveform appears above zero indicating a positive power (or reactive power) for part of the wave. 
C. Power Out with Efficiency as a Function of Wave Period
Next the Simulink model was run over a range of wave periods from 2 s to 12 s in steps of 0.01 s to examine the effect on power processing. From this batch of simulations the values of power and efficiencies can be found for this model as a function of wave period. However, it is important to point out that all of these batch run data points were each still only run at a single wave period. Fig. 14 shows the linear mechanical power from the rack and pinion to the DC bus, which is effectively the input and output powers of this study. It is seen in Fig. 14 that the 1 kW power target was not met and can be attributed to the tuning of the massspring-damper values. Fig. 15 shows the total efficiency from the linear mechanical movement of the buoy to the DC bus. The power and efficiency plots show some noise over the range of wave periods. This noise is likely a result of the frequency responses of not just the buoy, but also the PM machine dynamics and the controllers. It is also important to note that the peak total efficiency of the system from 
D. WEC Array Networked Microgrid Energy Storage System
To harvest the power and energy from the WEC a simple array scenario was developed based on a 3 × 2 farm. The WECs are interfaced to the microgrid system that employs two DC microgrids with three WEC source inputs networked into an AC ring bus (see Fig. 1 ) with an AC load. The WECs are assumed to be spaced apart from each other by greater than five diameters (no hydrodynamic interaction/coupling between devices or treated as individual sources) and in two rows where the v dc inputs are phase delayed between each row. The DC WEC voltage inputs are shown in Fig. 16 (left) . These voltages were derived from the T w = 12 sec case from the previous section. By including ESS in series with each of the respective WEC input sources (decentralized) the ESS requirements are shown in Fig. 16 (right) DC bus voltage responses held at their constant set points. In addition, for ESS only on the DC and AC buses, the ESS requirements increased significantly. 
V. SUMMARY AND CONCLUSIONS
In this paper WEC technologies were investigated that required energy/power to be transformed from the waves to the electrical grid. WEC system components were reviewed that revealed the performance, stability, and efficiency. These WEC systems components consists of; control methods, electro-mechanical drivetrain, generator machines, power electronic converters, energy storage systems, and electrical grid integration. Initially, the transformation of energy from the wave to the electric grid was explored in detail for an individual WEC system. A control design methodology, based on HSSPFC, was then develped that addressed high penetration of RES and loads for a networked AC/DC microgrid islanded subsystems. Both static and dynamic stability conditions were identified. Detailed numerical simulations were conducted for the electro-mechanical drivetrain system which included; the dynamic responses, power generation for multiple wave conditions, and total efficiency of the energy/power conversion process. The power and efficiency plots showed some noise over the range of wave periods. However, the peak total efficiency of the system was approximately 73 % where most of the efficiency loss is due to the PM machine. Conservatively, typical efficiencies of this class of machines range between 80−90 %. As a RES scenario, the AC/DC microgrid islanded subsystem was employed as part of an array of WECs. Preliminary ESS power requirements for the renewable energy scenario were developed. These preliminary results suggest that to design optimal ESS that the value of decentralized versus centralized placement and type (battery, flywheel, capacitor) need to be evaluated and analyzed for their benefits and trade-offs. Future work will continue to integrate WECs into the elecrical power grid with the goal of optimizing the use and location of ESS (see past examples [17] , [18] , [19] , [21] , [22] ). The PDC3 feedback controller [14] for each individual channel is shown in Fig. 18 . 
APPENDIX
